Surgical lesioning of central nervous connectives in the cockroach (Periplaneta americana (L.)), although causing only local glial damage, resulted in complex and prolonged cellular changes. An early response to mechanical disruption was the appearance of granule-containing cells within the damaged perineurium, among adjacent,, undamaged, perineurial cells, and between glial processes deep within the connectives. These cells, which were strikingly similar to hemocytes, were clearly involved in phagocytic activity and persisted in the damaged regions for more than a month after lesioning.
It is now increasingly recognized that the supporting cells of the brain, the neuroglia, serve a number of important physiological roles. These include metabolic interactions with neurons, homeostasis of the brain microenvironment, and transmitter inactivation and synthesis (see Treherne, 1981; Sears, 1982) . Recent work has also revealed a hitherto unsuspected influence of glia in determining neuronal growth (Aguayo et al., 1981) . This latter role raises the intriguing, converse, question of what determines the growth of the neuroglia themselves.
Previous work has largely concentrated on vertebrates, using two basic approaches: first, lesioning and experimental manipulations in vivo (e.g., Adrian and Schelper, 1981; Fugita et al., 1981) , and, second, the powerful combination of cultured cell lines with monoclonal antibody and biochemical techniques (cf. Brockes et al., 1981) . The first approach has suggested an involvement in neural regeneration of monocyte-derived macrophage cells (cf. Billingsley et. al., 1982) ; the second has indicated a possible functional role of diffusible glial growth factors (cf. Brockes et al., 1980; Fontana et al., 1980) . However, both of these approaches have limitations.
Furthermore, the identity and origin of the "reactive" cells have not yet been resolved (see Gilmore and Walls, 1981) . The daunting complexity of whole brain preparations makes it difficult to make precise electrophysiological measurements of identified components, while the results obtained from culture techniques are often difficult to relate to the reality of normal brain function.
Recent research in this laboratory has used the relatively simple nervous system of an insect, the cockroach (Periplaneta americana L.), to study some of the basic factors involved in the control of glial repair and regeneration.
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has a number of advantages: notably, relative structural simplicity, its accessibility to electrophysiological study, and the possibility of extensive experimental manipulation. This paper, the first of a series, describes the effects on the neuroglia of cutting central nervous connectives, a situation in which glial damage is accompanied by mechanical disruption of the axons and drastic effects on the extracellular matrix. This experimental procedure contrasts with that described in the accompanying paper (Smith et al., 1984) in which only the glial cells were disrupted using a glial toxin.
This investigation is necessary because, despite much available knowledge of the structure and physiology of insect nervous systems, relatively little research has been carried out on glial damage and repair in these organisms. Apart from some earlier investigations on general structural changes (Bodenstein, 1957; Boulton, 1969; Boulton and Rowell, 1969) , lesion studies have been largely confined to the investigation of neuronal damage and regeneration (Pitman and Rand, 1982; Meiri et al., 1983; Roederer and Cohen, 1983a, b; Leech and Treherene, 1984 
Results

Control tissues
The glial system of cockroach central nervous connectives consists, as previously described (Lane and Treherne, 1980) , of a superficial layer of interdigitating cells, the perineurium, and an underlying complex of neuroglial cells whose processes ensheath the variously sized axons (Fig. 1) . The perineurium is overlain by the acellular neural lamella, to which hemocytes (H in Fig. 1 ) occasionally adhere. The subperineurial glia contain, predominantly, microtubules and mitochondria, but some endoplasmic reticulum is present; lysosomes are rare. The extracellular spaces delimited by the glial and axon membranes contain an electron-dense matrix which is most clearly seen in the sporadic dilated intercellular spaces between glial processes (Fig. 1) .
As shown previously (Lane and Treherne, 1972; Lane et al., 1977) , the extraneously applied extracellular tracer, lanthanum chloride, penetrated into the clefts between the perineurial cells but was excluded from the underlying extracellular system (Fig.  2 ). This exclusion and the electrophysiological evidence of restricted intercellular access of small, water-soluble cations by the perineurium (Treherne and Schofield, 1981; Schofield and Treherne, 1984) has been postulated to be the basis of an insect blood-brain barrier and to result from the presence of occluding junctional complexes at the inner ends of the perineurial clefts (Lane and Treherne, 1970,1972) .
Cut connectiues Effects during the first 4 days. In connectives transected in saline containing ionic lanthanum, there was no appearance of the tracer within the axoplasm or in the glial cytoplasm close to the lesion. However, infiltration occurred through the damaged tissues and tracer was distributed within the intercellular glial-axonal clefts and the extracellular dilatations (Fig. 3) . The extracellular system thus is not sealed after cutting and is immediately accessible to charged particles as large as those of lanthanum chloride. The stumps of the cut connectives, both proximal and distal, were still leaky to extraneously applied lanthanum 4 days after transection. A consistent feature at this time after transection was the appearance of cells containing electron-dense granules within the damaged perineurium as well as between cells in undamaged areas of this peripheral glial layer. Such cells were also found deep within the tissues of the connectives, between axons and glial folds (Fig. 4) . These cells share many of the cytological features of hemocytes, principally in the presence of a population of electron-opaque granules with relatively homogeneous contents. They also contain lysosomes of various sizes (Fig. 5,   inset ).
It is not justifiable to identify these cells unequivocally as hemocytic, for they could represent transformed neuroglia with a greatly increased lysosomal content. However, more typical glia were still recognizable at this stage, but with no small opaque granules and with lysosomes that were larger and more amorphous in their outline and internal composition than characteristic granules of the hemocyte-like cells. At this stage many glial cells were clearly disorganized (Fig. 5) , with cytoplasm that appeared denser than normal and projections pushing into the axoplasm.
As observed by Boulton (1969) and Meiri et al. (1983) , there was an increase in the number of axoplasmic mitochondria and, in some cases, in neurosecretory granules and possibly lysosomes. There was also an enlargement in the extracellular spaces and marked changes in the appearance of the matrix material which was now separated and "pulled away" from the glial membranes. In many cases, the matrix substance was also highly fragmented (Fig. 5 ). Effects after 11 to 21 days. At 11 and 14 days after cutting, there was a distinct increase in the extent of the extracellular spaces which, nevertheless, contained electron-dense matrix (Fig. 6 ). This could represent accumulation of newly synthesized extracellular material since it was less fragmented than earlier. At this stage and, later, there were indications that fresh matrix substance was being produced (Fig. 8) to fill the dilatations.
Large, amorphous glial lysosomes were frequently encountered ( Fig. 9 ), presumably as a result of glial phagocytic activity.
After 21 to 24 days, at the proximal cut end, the neuroglia were still loosely packed and there were areas where these cells had been very disrupted (Fig. 7) ; matrix material was fragmented (Fig. 7) or beginning to fill up space (Fig. 8) . The severed giant axons looked normal, with axoplasm now containing more characteristic numbers of mitochondria. These axons, however, were in some cases invaded around their periphery by short (finger-like) glial processes, more extensively than usual. Some atypical thickening of the neural lamella also occurred at the tip of the proximal stump with irregular collagen alignments.
The glia and the smaller axons in the distal stump looked relatively normal at this stage, although in some preparations the giant axons had apparently collapsed. The cut stump was Vol. 4, No. 11, Nov. 1984 Figures 4 to 6 now club-shaped and the glia were loosely packed, those nearest to the tip showing clearest signs of damage (Fig. 7) . Effects after 24 to 40 days. After 24 to 40 days granulecontaining cells were still present, close to the cut ends of proximal and distal stumps (Fig. 10) . Some of these cells had very large lysosomes, indicative of enhanced phagocytic activity (Fig. 11) . At the periphery of connectives, close to damaged regions, loose layers of cell processes had formed into what looked like reorganized perineurial glia. These processes exhibited junctional complexes, including both gap (Fig. 12 ) and septate junctions (Fig. 13) . The neural lamella overlying these regions was relatively unstructured, containing only occasional collagen fibers (Fig. 12) .
By 28 days perineurial restriction to the intercellular access of tracer molecules had not been re-established, for extraneously applied lanthanum was found to have leaked into the clefts and extracellular spaces between the axons and deeper glial processes (Fig. 14) . Enlarged extracellular spaces were a prominent feature at this stage, especially the subperineurial ones which were filled with a fine, fibrous substance which could be coagulated or precipitated protein (Fig. 15 ). After 40 days glial packing and extracellular spaces in the proximal stump had assumed a relatively normal appearance, and the giant axons had normal complements of mitochondria. In the distal stump, however, giant axons were no longer recognizable, and the axoplasm of the smaller ones contained atypical bodies and dense-core granules which could be neurosecretory.
The surviving glial cells exhibited enhanced populations of lysosomes as if phagocytosis had occurred and, again, appeared to be involved in the production of new extracellular matrix material.
The spaces between glial elements were not distended, as earlier, and septate junctions ( Fig. 16 ) and desmosomes (not normally found between any glia other than the perineurial cells) were occasionally seen. In many cases, the glia were seen to send extensive projections into the axon peripheries, and the neural lamella surrounding the distal stump was abnormally thick.
Effects of 110 to 180 days after cutting
After 110 days the distal stump had regressed. The proximal stump, on the other hand, exhibited normal glial-axonal packing and relatively typical intercellular spaces, but with increased volume of neural lamella. By 4 to 6 months after cutting, extraneous lanthanum did not penetrate beyond the intercellular clefts of a re-formed perineurium (Fig. 17) . Very large perineurial cells were still seen in some preparations and were peculiar in possessing a fibrous component (Fig. 18 ) and large amounts of smooth endoplasmic reticulum (Fig. 19, SER) ; the cisternae of the latter were found mainly in close association with the subperineurial glial membranes (Fig. 19) . Many microtubules were found here, lying at right angles to the underlying neuroglia (Fig. 19) .
Discussion
The immediate effects of surgical lesioning on insect neuroglia are to cause local cellular damage and to disrupt the perineurial blood-brain barrier. This disruption is indicated by the extensive penetration of tracer into the extracellular system, despite the apparent sealing of the axons which do not show detectable leakage of the tracer into their axoplasm. This contrasts with the apparent accessibility of small cations indicated by the relatively rapid decline in the resting and action potentials observed in most, but not all, severed giant axons in this preparation (Meiri et al., 1981; Leech and Treherne, 1984) . The exclusion of the tracer observed in our experiments suggests that the initial sealing of the axon may be a result of a selective exclusion of large, charged particles, such as those of lanthanum.
The lack of penetration of the tracer into the cytoplasm of undamaged glia could result from uncoupling of the disrupted glial elements from one another, or from the inability of the tracer to pass through the low-resistance pathways provided by the gap junctions that occur between adjacent glial cells (Lane et al., 1977; Lane, 1981) .
An early response to mechanical disruption is the appearance of granule-containing cells both within the damaged perineurium, among adjacent, undamaged, perineurial cells, and between glial processes deeper within the interganglionic connectives. As already emphasized, these cells bear a striking resemblance to hemocytes which were also seen adhering to, and penetrating, the neural lamella of connectives in which the neuroglia had been selectively destroyed with a glial toxin (Smith et al., 1984) . Despite many obvious structural similarities with hemocytes it is not possible, at this stage, to eliminate the possibility that these cells are transformed neuroglia. The granule-containing cells are clearly involved in phagocytic activity and may be the insect equivalent of vertebrate macrophages. They often showed pseudopodia in the manner consistent within the engulfment of substances by phagocytosis, as well as possessing lysosomes that appeared to derive from phagocytic vacuoles. Phagocytosis by the granule-containing cells persisted, for such cells were found to be present, exhibiting both granules and lysosomes in the vicinity of the cut surface 1 month after lesioning.
Another notable feature of the nervous tissue responses to lesioning in the cockroach was the increase in extracellular spaces, especially subperineurial ones. These spaces tended to be filled with amorphous matrix material which could represent precipitated protein from circulating body fluids which had leaked in, or material synthesized by, the glial cells in response to the injury. The more internal spaces contained the characteristic dense material normally present in interglial clefts, but after lesioning, it was much more voluminous; this could be due to enhanced synthetic activity on the part of the disturbed glial cells.
Our observations indicate that the blood-brain barrier in insects is only slowly re-established following surgical damage. After 28 days extraneously applied ionic lanthanum still penetrated deep into the extracellular system beyond the perineurium and was found in intercellular clefts between axon and glial membranes.
This contrasts with the situation in which only the glia were selectively disrupted by the glial toxin ethidium bromide (Smith et al., 1984) ; in such preparations, which were initially leaky to lanthanum ions, the tracer was excluded from the general extracellular system only 4 days after treatment, despite the extensive glial disruption caused by the ethidium. The rapid re-establishment of the blood-brain barrier following ethidium treatment is associated with a speedy reorGlial repair following surgical lesioning differs markedly from ganization of the peripheral cellular elements in ethidiumthat observed after selective disruption with the glial toxin. In treated preparations which, by 11 days, acquired some of the the latter case glial repair is a well-ordered process in which morphological characteristics of normal perineurial cells. These re-formed cells appeared to have been derived from granulethe granule cells may rapidly assume a characteristic glial morphology (Smith et al., 1984) . In the cut connectives used in containing cells (Smith et al., 1984) which were also prominent this investigation, however, relatively limited glial damage is in the surgically lesioned connectives used in this investigation.
accompanied by complex and prolonged responses in which, for Figures 12 and 13. Glial cells in the perineurial region, 24 days after cutting the connective, undergoing some reorganization as well as becoming coupled with each other by gap junctions (Fig. 12) or associated by septate junctions (Fig. 13) . Magnification: Figure  12 , x 42,700; Figure  13 , X 89,600. to note in this connection that the extracellular matrix has been shown to be important in the positioning and orientation of both neurons and glial elements in the developing insect central nervous system (Bate and Grunewald, 1981; Swales and Lane, 1984) and in other mammalian systems as well (Montesano et al., 1983) .
